INTRODUCTION
Descriptive and developmental studies of both pathological and mycorrhizal root-infecting fungi involve detailed knowledge of the growth and function of root systems in the natural environment. The results of extremely virulent pathogens or of extensive ectomycorrhizal development are immediately obvious even to the untrained eye. The effects of casual obligate biotrophs or of weak endomycorrhizal infections may escape observation even by the specialist. The variable form and extensive branching of root systems have often discouraged investigation of the morphogenetic effects of root-inhabiting fungi. Pathologists have concentrated attention on the anatomical aspects of penetration and host response or on dramatic growth abnormalities, while the mycorrhizal research workers have concentrated on characteristics of mycorrhizal structures or quantitative assessments of the degree of infection. Investigators in both disciplines have largely ignored the effects on root growth and branching or on alterations of normal root anatomy. Biotrophs that occupy the mid-portion of the continuum of fungus/root association from mutualism to pathosism have often been ignored by both pa6aologists and mycorrhizal workers. Such parasites may cause no detectable disturbance of host physiology and so are neglected by the pathologist; and because they confer no physiological benefits and form no organized structures, they are similarly ignored by mycorrhizal workers. Harley (31) has discouraged the consideration of nonmycorrhizal obligate root associates because they can be a source of confusion in mycorrhizal studies. The time h~ts come to integrate pathological and mycorrhizal approaches and concepts in studies of the biology of rootinhabiting fungi.
This review provides background information on the morphological and developmental characteristics of woody root systems and on environmentally induced growth responses. Then, following a brief presentation of unifying concepts in symbiosis, root-fungus associations are examined for their effects on root morphology and anatomy. The most common mycorrhizal associations are discussed first, followed by brief consideration of types of disease fungi. Although a great deal is known about these subjects, much of it comes from studies of roots in relatively favorable and often artificial circumstances. Much less information is available concerning "strategies" of root development under the stresses imposed by natural conditions.
MORPHOLOGICAL FEATURES OF WOODY ROOT SYSTEMS
It is important to distinguish between normal characteristics of a root system under favorable conditions and modifications induced by environmental stresses or by mycorrhizal infection. Tourney (83) introduced the term "initial-root habit" to designate the form and habit of the root system that characterizes a particular species from the time the seed germinates until the young seedling becomes more or less s.trikingly modified in root-form and habit by environmental conditions. Initial habits vary greatly in inherent tendency to change under variations in external conditions. The root systems of some species are very plastic and quickly become adjusted to a particular environment, especially to moisture conditions. Other species are inflexible and are unable to adjUst to radical changes in soil conditions, probably because their developmental responses are under genetic control. The genetics of root development is in its infancy, and the amount and type of genetic variability is now coming under investigation (37, 107). Genetic variability is not restricted to species differences but is also encountered within species. Scotch pine seedlings grown from 45 provenances of 13 varieties throughout the range of the species were all taprooted, but varied in relation to type and extent of lateral root development among individual sources and among varieties (6) .
Physiologists have analyzed root plasticity in terms of "compensatory growth" or "opportunistic behavior" caused by root responses to occasional favorable events in an otherwise unfavorable environment (17) . This opportunistic behavior is made possible by the individualized and indeterminate characteristics of root meristems (53) , which allow enhanced growth of a small favorably placed part of a root system to compensate for restricted growth elsewhere. A less well recognized aspect of root plasticity is that roots that have www.annualreviews.org/aronline Annual Reviews meristems. In others root growth occurs independently of shoot growth aside from the usual source-sink relationships. Roots have a lower priority for photosynthate than shoots, so root growth activity may be depressed during periods of peak shoot growth activity. This depression partially accounts for the bimodal seasonal pattern often noted in root activity. In addition to seasonal variations of root growth activity, root extension rates also vary among the different orders of root branching. Higher elongation rates occur in the lower order, larger diameter laterals; the rates decrease progressively with increase in order and decrease in diameter.
The period of growth activity for individual roots differs from that of the root system as a whole. Individual roots have periods of quiescence alternating with periods of elongation that conform to a sigmoid curve of growth. Roots may have one or more cycles of growth during a :season. Although growth cycles reflect an endogenous control mechanism, environmental stresses may result in premature growth interruption. Resumption of growth usually follows amelioration of the stress condition unless the root was already near the end of its endogenous growth cycle. Feeder roots in the surface layers of soil where they are subject to alternate cycles of wetting and drying often show numerous intraseasonal cycles of growth activity. These cycles can be seen in cleared root preparations because of the sharp demarcations between successive axial increments marked by remnants of the metacutization layers. For many small roots conclusion of the growing season may mark ~the end of their functioning life. Shedding of roots is a seasonal characteristic: of most perennial root systems comparable to the shedding of foliar organs in shoot systems (33).
In addition to seasonal and environmentally induced periods of root growth activity, there are corresponding cycles of lateral root initiation. The pattern and characteristics of lateral root branches are influenced by their position in the seasonal or intraseasonal axial increment. Closer spacing at the beginning or end of the increment where growth rate of the mother root is minimal is indicative of mechanisms of internal hormonal control.
Compensatory growth of root systems associated with environmental stresses is mentioned above in relation to root plasticity. The mechanisms are likely to be hormona!]y regulated but remain obscure. The ability of certain inorganic nutrients to alter the form of root systems is particularly puzzling (52, 88) . Studies of barley during the first four weeks of growth have shown that a restricted su.pply of phosphate has no effect on the number of first order laterals but increases those of second order. Deficiency of potassium, on the other hand, reduces first order laterals and prew:nts formation of second order laterals (29). A strictly localized proliferation of lateral roots occurs when portion of a root system is provided with a more favorable supply of phosphate (25) or nitrate (23, 24). It is evident that the increased uptake by the roots in enriched zone is accompanied by an increased translocation of photosynthate to www.annualreviews.org/aronline Annual Reviews this zone from the shoot. It is not clear how the nutrient uptake creates this new source-sink relationship.
CONCEPTS OF SYMBIOSIS BETWEEN FUNGI AND ROOTS
The plant root hosts a biological community of microorganisms that affect root development. The plant root and organisms are bathed in each others' metabolites, those secreted by the plant providing conditions selective for certain soil organisms, and those of the soil organisms thus selected having injurious as well as salutary effects upon the plant (98) . The so-called rhizosphere microorganisms reside in the vicinity of roots, and numerous root-inhabiting fungi invade the root epidermis and cortex.
Fungal parasites can be either beneficial or destructive. Mycorrhizae benefit plants by gathering nutrients, enhancing growth, protecting against disease, and so on (101) . The pioneer mycorrhizal investigator, Melin (55) , early recognized that the parasitic interaction of mycorrhizal fungi involved reciprocal exploitation as well as mutual benefit, and he characterized the relationship as "double parasitism." The merit of Melin's viewpoint is that mycorrhizae are not excluded from plant diseases, and mutualism is recognized as one of the three overlapping groups of parasitism: mutualism, commensalism, and pathosism.
Occupancy of a root by a fungus results in a "common life" for the host and its parasite. This common life was originally termed symbiosis regardless of whether harm or benefit resulted from the association (21) . Unfortunately the term is frequently restricted to associations characterized by mutualism. It is gradually being recognized in mycorrhizal research that some associations can be alternately beneficial or harmful and that some parasitic fungi can produce beneficial effects in one host and harmful effects in another. Use of the term symbiosis in its original connotation allows the identification of antagonistic, mutualistic, and neutral symbionts. Neutralism is closely allied to commensalism, a term used to describe the situation in which only one partner of an association benefits (18, 42) .
The gradation from antagonistic to mutualistic indicates that the various symbioses constitute a continuum based on harm and benefit criteria. The use of other criteria for describing relationships leads to additional continua (76) . Based on degree of dependency, a necessary symbiotic relationship is "obligate" and a contingent one is "facultative." In terms of the viability of the nutritional source, ,one can delineate a continuum between biotrophy and necrotrophy. Consideration of fungal associations from these broader viewpoints has resulted in the recognition that there are beneficial associations that may or may not fit into our classical concepts of mycorrhizae (or disease).
www.annualreviews.org/aronline Annual Reviews Wilson (101) has proposed the term "nibblers" for fungi that attack and kill some roots but do not cause extensive darnage. The overall effect may be beneficial in promoting more fibrous root development and possibly increasing the root area.
It is clear that symbiotic associations between fungi and roots are diverse, and involve mycorrhizal and pathogenic root-infecting fungi and those difficult to fit into either category. The continuum of interest to the pathologist and the mycorrhizal investigator is that based on harm and benefit. Despite their divergent motivations, both investigators are concerned with similar anatomical, developmental, metabolic, genetic, and ecological principles. A starting point for both root disease and mycorrhizal investigations is the determination of modifications in root morphology and anatomy induced by invasion of particular fungi. These basic studies provide', a common prelude to the unique aims of each group of investigators. As mycorrhizal associations are more prevalent naturally and develop more systematically than pathogenic associations, they are the first to be discussed below.
EFFECTS OF MYCORRHIZAL SYMBIOSES ON ROOT STRUCTURE AND DEVELOPMENT
Mycorrhizal associations are ordinarily placed in categories based on the recognition of "natural" groups as proposed by Harley (31). This presentation uses Lewis's (42) reorganization of Harley's groups into four categories, but returns to the term "ectomycorrhizae" rather than using Lewis's term "sheathing." These four groups are: ecto-, vesicular-arbuscular (VA), orchidaceous, and ericaceous. This paper discusses only the first two, the most widespread and important classes of mycorrhizae in forest regions of the world. Two variants of ectomycorrhizae, ectendomycorrhizae and pseudomycorrhizae, are also discussed in detail. The orchidaceous and ericaceous mycorrhizae are equally fascinating, but their complete treatment would fill another review.
Ectornycorrhizae
GENERAL FEATURES AND OCCURRENCE An ectomycorrhiza is characterized as a root/fungus association in which the fungus grows as a mantle on the surface of the root and penetrates the cortex intercellularly to produce a Hartig net. Species of plants known to form ectomycorrhizae belong mainly in the families Pinaceae, Betulaceae, Fagaceae, Salicaceae, Juglandaceae, Tiliaceae, Myrtaceae, subfamily Caesalpinoideae, and Dipterocarpaceae (31, 45, 56, 57) . The known fungi involved are largely basidiomycetes, but a few ascomycetes have also been recognized (84) . These fungi have evolved where plants have adapted to soils of low nutrient status or where interspecific root competition for nutrients is high (5).
www.annualreviews.org/aronline Annual Reviews Fungal species vary widely in their number of potential hosts, and hosts vary from broadly receptive to highly restrictive in their possible fungal associates (59, 60) . Problems of host-fungus compatibility and specificity are complicated as hosts appear to take up fungal partners selectively according to developmental phase, ecological conditions, and possibly climatic fluctuations (45) .
DESCRIPTION OF INDIVIDUAL TYPES Intricacies of the woody heterorhizic root system have already been described and reference made to the conversion of higher-order feeder roots to mycorrhizae. Early investigations concentrated on conspicuous features of mycorrhizae such as colors, a frequent thickening, and an assortment of shapes and branch patterns. In Pinus, ectomycorrhizae may remain monopodial or fork dichotomously one or more times; repeated forking may lead to coralloid or nodular structures. In most host species ectomycorrhizae branch pinnately or racemosely.
Whereas earlier morphological studies of ectomycorrhizae concentrated on classifying them into recognizable types for studies of seasonal development, distribution, and functional life span in different stands of various forest species, current studies concentrate on identifying the species of fungus involved in mycorrhizal associations (11, 59, 86, (103) (104) (105) . The fact that ectomycorrhizae consist of composite fungus-root organs of recognizable kinds is considered by Harley (31) to distinguish the bona fide ectomycorrhiza from pathogenic root infections or from weakly parasitic fungi. Short roots that are not invaded by ectomycorrhizal fungi may be invaded by other fungi and produce anomalous structures which abort early. Whether these structures constitute a serious disease situation has been a source of controversy, as discussed below.
DISTRIBUTION IN ROOT SYSTEMS Ectomycorrhizae occur either scattered or variously clumped in the root system. The siting and features of mycorrhizae in relation to the architecture and growth characteristics of the root system provide information on seasonal mycorrhizal development, responses of mycorrhizae to environmental influences, and competitive relationships between fungal species. Also, interrelationships between mycorrhizal development and the health of a forest stand are often revealed by study of the morphological features of the last several orders of root branching. Mortality of thin long roots and the accompanying death of young mycorrhizae are often features of unhealthy root systems (91) .
COLONIZING BEHAVIOR Developmental studies of root systems require sampling of major hierarchical units starting from the ultimate rootlets and extending basipetally through successively earlier root branches (94) . The size www.annualreviews.org/aronline Annual Reviews and appearance of these functional units or "root boughs" is determined by host species and environmental conditions (9) . Results of this type of sampling have been reported for Fagus sylvatica L. (15, 30, 131) , for Pinus resinosa Ait. (92) , and for eucalyptus (12) (13) (14) . The developmental characteristics of beech and eucalyptus are similar, and the summary by Chilvers & Gust (12) of the five ways in which mycorrhizal infection may be established in seedlings of Eucalyptus st-johnii R. T. Bak is applicable to both species. Their methods of infection are a preinfection buildup of inoculum on root surfaces, primary infections from outside inoculum, perpetuation of mycorrhizal apices by continued elongation, proliferation of mycorrhizal apices as branches emerging frompreexisting mycorrhizae, and the formation of secondary infections by hyphal strands or rhizomorphs produced elsewhere in the root system. Each mode of infection results in recognizable organizational patterns of mycorrhizae within the root bough. A difference noted by Chilvers & Gust (12) between the pattern of infection in angiosperms and that in pine is the occurrence in the latter of intercellular infection prior to the development of a fungal sheath, resulting in continuity of infections in long roots and emerging laterals (41,70, 92). Chilvers & Gust (12) also called attention to the fact that increase mycorrhizal infections within a population of roots shares the general characteristics of a disease epidemic, but with the important caveat that mycorrhizae differ from diseases in that they contribute to the nutrition of the plant and promote active growth and branching of the root system.
CONVERSION OF ROOT APICES
TO MYCORRHIZAE The early literature on the genesis of ectomycorrhizae focused on the Pinaceae where heterorhizy is pronounced with sharp differences between ~ong roots and short roots. Only short roots were believed to be transformed into ectomycorrhizae and the quantitative differences between long and short roots were listed as predisposing the latter to become mycorrhizal. With the recognition of intermediate root types and the fact that long roots could become mycorrhizal, the predisposing characteristics were reduced to size of meristem and rate of root elongation (13) (14) (15) 91) . Roots with very rapid growth rates could outdistance fungal hyphae growing in the same direction. The oceurrence of infection in the apices of dormant roots and the emergence of mycorrhizae near the junction of the seasonal increment of the long root indicate that fungi have reached the apical region. Upon breaking dormancy, most large long roots resume their rapid growth rate and again outdistance the fungus. Smaller long roots may undergo a fate similar to that of the short root and become converted to mycorrhizae through mutual control between the symbionts. Thereafter the mean growth rate is reduced to approximately one fifth that of uninfected root apices, although growth may be sustained over longer periods and remain more constant over time (13) . The role of the fungus in controlling root elongation www.annualreviews.org/aronline Annual Reviews unclear, but the infected root meristem decreases its number of meristematic cells, reduces its rate of cell division, and alters the pattern of mitoses. More than a quarter of the cells produced are contributed to the root cap, as compared to a much smaller fraction in the uninfected apex (16) . The root cap cells are sloughed into the fungal mantle that covers the apex and, thus entrapped, are ultimately spread basipetally along the root surface beneath the mantle.
The controlling influence of the fungus is evidenced in the altered orientation of cortical cells as well as in the reduced growth rate. The reciprocal host influence on the fungus is reflected in the labyrinthine orientation of the hyphae in the Hartig net and inner mantle, which has been pointed out as being akin to the organized reproductive tissue of the fungus (73) .
The Hartig net has been considered the hallmark of the ectomycorrhizal association (58) and much attention has been devoted to its development (15, 46, 47, 63, 64, 65, 92) . The Hartig net develops in previously uninfected tissues either by fungal penetration from a weft on the root surface or by acropetal extension from already-established Hartig net in the older portions of the root. The former is referred to as "primary" infection and the latter as "secondary" (70) . Although the distinction seems inconsequential, the implications are important in explaining patterns of mycorrhizal colonization in relation to root initiation, seasonal increments of root growth, succession of mycorrhizal types, competitive relationships with other fungi, and so on.
Investigations have also been directed to the characteristics of the root zone susceptible to Hartig net formation, and to the particular characteristics of the middle lamella region between the cortical cells (46, 63) . Clowes (15) reported in Fagus sylvatica that the Hartig net was never formed between cells that were elongating normally, but only after the mantle spreading on the root surface had caused reduction in root elongation. However, in Pinus resinosa the Hartig net appears to develop around cortical cells in various stages of elongation (92) . The fungi appear to penetrate the middle lamella by mechanical action and embed themselves in its pectic matrix (63) . Efforts to grow four ectomycorrhizal Suillus species on pectic substrates were unsuccessful, and the investigators concluded that either the fungi have no pectinolytic ability and must penetrate host middle lamellae by physical means, or possibly they have a weak pectinolytic ability strictly localized at the hyphal tips (43). Efforts to demonstrate controlled synthesis and activity of pectin-degrading enzymes by catabolic repression (28) showed the enzymes to be rapidly inducible and much greater the nonmycorrhizal Hebeloma oculatum Bruchet than in the mycorrhizal Suillus luteus (L. ex Fr.) S. F. Gray.
Since the intimate association of the Hartig net with the primary cell wall obviously facilitates the transfer of substances between the associants, it has been considered the most characteristic distinguishing feature of a true ectomycorrhiza. Recently ectomycorrhizae were discovered in the root system www.annualreviews.org/aronline Annual Reviews of Pisonia grandis R. Br., which showed a poorly developed Hartig net but well-developed transfer cells in the epidermis and cortex of the host root (2). This finding indicates an alternate strategy to Hartig net formation for nutritional transfer.
Although not all ectomycorrhizal trees have been classified as either highly receptive or restrictive hosts (59, 60) , it is apparent that there are many more the former than the latter. As some hosts are receptive to hundreds of fungi (85) , it appears likely that many different ectomycorrhizae may occur on single tree. Little is known about populations of ectomycorrhizae within a root system or how they vary with soil, environment, and seasonal or long~term development of the root systems. Studies of the spread and effectiveness of ectomycorrhizae on inoculated seedlings of Sitka spruce planted in unsterile soils have shown that ectomycorrhizal fungi ,:an be categorized as "early" and "late" fungi, depending on seedling age at the time of colonization of the root system (49). Early fungi were able to colonize from small propagules, whereas late fungi needed a substantial food base; other differences undoubtedly exist. Different ectomycorrhizal fungi may occur on separate portions of the root system, or they may occur in close juxtaposition. Commonly two or more fungi may occur on the same short root, separated from each other by a metacutized dormancy layer. More than one fungus may occur in the same mantle, but this situation is more difficult to recognize.
Ectendomycorrhizae
The term "ectendomycorrhizae" was originated by Melin (55) for roots with combined intra-and intercellular infection. He had reviewed previous reports of such infections and was convinced that the association was mutualistic. However, many subsequent investigators were convinced that the infection was parasitic and some termed it pseudomycorrhizal.
Mikola (58) reviewed the confusion between pseudomycorrhizae and ectendomycorrhizae, and clarified the nature and occurrence of the latter. He reported the prevalence in coniferous nurseries of ectendomycorrhizal infections in Pinus and Larix characterized by little or no fungal mantle and large diameter intracellular hyphae, heavily ramified throughout the cortex of both long and short roots. A Hartig net of thick hyphae surrounded the cortical cells in the small-and medium-diameter roots but was usually lacking in the larger roots, where the fungi remained scattered in the intercellular spaces or formed a rudimentary net. Mikola (58) isolated and named an "E-strain" fungus from Pinus sylvestris and Picea abies (L.) Karst. and showed it to be responsible for the ectendomycorrhizae. Wilcox (93) reported similar ectendomycorrhizae nursery seedlings of Pinus resinosa and isolated a fungus which he called BDG-58. Neither investigator was able to identify the fungus involved.
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The discovery of E-strain chlamydospores in cultures of BDG-58 and E-57 (from Mikola) provided an additional means of detecting these fungi in forest nurseries (96) . The distinctiveness of these chlamydospores and their prevalence in soils from nursery beds with ectendomycorrhizal seedlings has led to the discovery that ectendomycorrhizae are not restricted to northern nurseries.
To date E-strain chlamydospores have been found in seed beds of 17 coniferous nurseries in 11 of the United States (97) and Danielson (20) has described E-strain chlamydospores in Canada.
E-strain fungi are assumed to be ascomycetous because of the regular spacing of septa and the presence of Woronin bodies and hyphal plugs (20, 79, 80) . Danielson suggested that species of Geopora, Trichophaea, Sphaerosporella, and Humaria would be likely candidates for E-strain telemorphs, and mentioned that Sphaerosporella brunnea (Alb. & Schw. ex Fr.) Svr~ek Kubi~ka had been confirmed as a symbiont of jack pine. Recently ascocarps of a Cheilymenia sp. were found in pot cultures ofPinus resinosa inoculated with E-strain chlamydospores from a Douglas fir nursery in Oregon (H. E. Wilcox, C. S. Yang, unpublished).
Experiments with several E-strain isolates have not dispelled the uncertainty as to whether they are a single fungal species or a group of related fungi (97) . Their chlamydospores are similar in morphology but vary in size from 20m~ to over 160mix in different isolates. The temperature at which maximum growth rate of each isolate occurs in culture appears to correlate with the mean annual temperature of its area of origin.
Although early experiments indicated that most pines formed ectendomycorrhizae with most E-strain fungi (40), it is now evident that interrelationships between E-strains and pine species are more complex (97) . Some E-strains produce ectendomycorrhizal infections in a given pine species whereas others produce ectomycorrhizal infections in the same species. Also, E-strains that produce ectendomycorrhizae in Pinus resinosa produce ectomycorrhizae in Pinus elliottii Engelm.
INTRACELLULAR COLONIZATION BY ECTOMYCORRHIZAL
FUNGI Ectomycorrhizal fungi may invade senescing cortical ceils to produce ectendomycorrhizae (46, 64) . These infections are not restricted to nurseries are those of the E-strain, but also occur in forests. Predominantly ectomycorrhizal fungi have been reported to form ectendomycorrhizae on certain hosts, but these reports are difficult to substantiate. Melin (55) and Masui (50) reported ectendomycorrhizae in tuberculate clusters, the former in pine and the latter in oak. Neither observation has been confirmed. However, the ectomycorrhizal condition is not absolute and can be influenced toward the ectendomycorrhizal condition by either associant, as shown by the above results www.annualreviews.org/aronline Annual Reviews with E-strain isolates (97) . Arbutus menziessii Pursch, an ericoid mycorrhizal species, is interesting because it forms ectendomycorrhizae with a wide range of normally ectomycorrhizal fungi (60, 1061).
ECTENDOMYCORRHIZAE FROM MISCELLANEOUS IMPERFECT FUNGI The
search for E-strain fungi in forest nurseries has uncovered ectendomycorrhizae produced by black imperfect fungi. One ectendomycorrhiza isolated from red pine showed sequential changes in mycorrhizal appearance during inoculation experiments. Initially it developed intracellularly in the regionof penetration, but as the root elongated it moved acropetally intercellularly, forming a continuous and thickening Hartig net, and nearing the apical region it reinvaded cortical cells from the Hartig net to form a distinctive ectendomycorrhiza (95) . The fungus was later identified as a ChlorMium species (96) . Another dark imperfect fungus was isolated from Scotch pine and found to produce both ectomycorrhizae and ectendomycorrhizae. This fungus is Phialocephala-like and appears to be a new species (H. E. Wilcox, C. J. K. Wang, unpublished). Fungi such as these are generally overlooked because of the widespread preconception that most ectomycorrhizal-type associations are formed by Basidiomycetes.
P seudomycorrhizae
So much confusion has arisen from efforts to identify pseudomycorrhizae that investigators have suggested dropping the designation (58) . Nevertheless, mycorrhizal workers still glibly refer to pseudomycorrhizae, and it appears that some clarification is in order.
The term "pseudomycorrhiza" is attributable to Melin (55) . In examining pine and spruce trees growing on drained peat bogs, he encountered situations where mycorrhizal fungi either did not thrive or did not develop at all. Here the roots were not fungus free, but hyphae belonging to nonmycorrhizal types were found in lateral roots. The infections were characterized by persistent intracellular hyphae, but had no Hartig net or mantle. Single, thick-walled, dark brown hyphae radiated from the root surface into the soil and appeared in the soil in amazingly large numbers.
Melin proposed that pseudomycorrhizae were caused by nonmycorrhizal parasites that occurred in mother roots and older portions of mycorrhizae. These fungi were ordinarily kept out of the short-root apices by true mycorrhizal fungi, but when true mycorrhizal infection failed, they were able to colonize the root intracellularly. Also, during periods of inactivity or senescence of true ectomycorrhizae, these pseudomycorrhizal fungi were able to grow over the mantle of true mycorrhizae and cause a secondary pseudomycorrhizal infection. Melin isolated a coarse brown pseudomycorrhizal fungus which he assigned to the form genus Mycelium radicis atrovirens. He believed that a www.annualreviews.org/aronline Annual Reviews large number of incidental soil fungi could form pseudomycorrhizae of these types.
Many investigators have reported pseudomycorrhizae, but not always as characterized by Melin. Short root modifications that have been placed in the pseudomycorrhizal category include uninfected short roots, ectendomycorrhizae, and weakly-developed or senescing ectomycorrhizae. The resultant confusion, described by Mikola (58), prompted his suggestion that the term "pseudomycorrhiza" be abandoned in favor of"nonmycorrhizal short roots" as a category including both uninfected and solely intracellularly infected short roots.
Numerous investigations have been conducted of the pseudomycorrhizal fungus Mycelium radicis atrovirens. Richard & Fortin (69) reviewed the literature on the geographical distribution, hosts, and physiology of the fungus, and presented results on eight isolates of M. radicis atrovirens tested for virulence in monoxenic culture with Picea mariana (Mill.) B. S. P. Variations in plant growth with different isolates indicated the existence of different fungal strains, but diminution of growth and development of chlorotic symptoms showed that all strains were pathogenic.
Although they were described by Melin (55) in the Mycelia Sterilia, Gams (26) identified two strains of M. radicis atrovirens as Phialocephala dimorphospora Kendrick. Richard & Fortin (68) examined 41 strains of M. radicis atrovirens that had been maintained in their collection for at least a year and found conidiophores of P. dimorphospora on aerial hyphae of 15 of them.
The heterogeneity of black imperfect fungi has been shown by investigations in our laboratory of 17 apparently identical black sterile fungi isolated from Pinus sylvestris in 1975. In mycorrhizal synthesis cultures on red pine, most produced pseudomycorrhizae, but one produced predominantly ectomycorrhizae, and another produced a mixture of ecto-and ectendomycorrhizae (H. E. Wilcox, unpublished).
Dark sterile hyphae are not restricted to pseudomycorrhizae but are also obtained from mycorrhizae, long roots, and soil. These hyphae should not all be assigned to M. radicis atrovirens and/or P. dimorphospora, nor all be assumed to be capable of forming pseudomycorrhizae. Uncertainties in the taxonomy of sterile fungi are well known (66), the difficulties and delays achieving sporulation are formidable, monoxenic culture experiments are exacting, and too few isolates have been examined.
Vesicular-Arbuscular Mycorrhizae
The characteristic features of vesicular-arbuscular mycorrhizae are intracellular, aseptate hyphae in the cortex, and the presence of the vesicles and arbuscles for which the group is named. The presentation of Harley (31) remains the besĩ ntroduction to the characteristics of this group and their widespread distribuwww.annualreviews.org/aronline Annual Reviews tion in the world flora. Recent reviews on the ecology and evolution of the VA mycorrhizae (35, 45) discuss their role and distribution in forest communities and their relationship to ectomycorrhizae. The reviews of Tinker (81), Hayman (32), and Mosse et al (61) present recent research, particularly with reference agricultural plants. Information on the anatomy of VA roots is brought up to date by Carling & Brown (10) . It is generally believed that the VA endomycorrhizae are little different in gross morphology from uninfected roots. An occasional yellow tinge occurs in the unsuberized growing region of the root in some annual crop species, but it is ephemeral. A similar condition exists for l~trger root branches of a perennial woody root system. Little is known of the effect, if any, of VA mycorrhizae on woody root systems in relation to features of seasonal and intraseasonal growth cycles, root dormancy structures, root shedding and so forth. Also, other than the observation that VA mycorrhizae preferentially colonize large diameter, magnolioid roots (3), little is known about their preferences for the different sizes of roots in a heterorhizic root system. Observations have been made that the beading of rootlets in maples is principally environmentally imposed, although often mycorrhizal (36, 54) and, conversely, that VA mycorrhizae increase the propensity for beading (44) . Maple roots have very long periods root inactivity. Their response to VA mycorrhizal infection is less than that of the rapidly growing sycamore (39), and it would be interesting to compare the developmental differences in their VA mycorrhizal infections.
ANATOMICAL FEATURES Microscopic examination of VA infections has been performed mostly on roots chemically cleared and stained to reveal fungal structures (62) . As pointed out by Carling & Brown (10) , most studies been directed toward the confirmation of infections or evaluation of infection levels and, more recently, to modeling the spread of VA infections in root systems (8, 75, 87) . In addition to showing the extent of VA infections, clearing techniques also have revealed entry points and general configuration of hyphae, arbuscules, and vesicles of specific endophytes and hosts grown in pot culture. Unfortunately, few of these studies have provided developmental information because the practice of randomly selecting root samples provides material with a high probability of multiple infection units and older developmental stages (10) .
Anatomical studies of natural vegetation have often been confounded by the comingling of an uncertain number of spore-producing and nonsporeproducing VA fungi along with casual fungi of diverse types. Structures encountered include tightly coiled and monilioid hyphae of uncertain types, cortical cells filled with resting spores or with sclerotia, and dark-septate hyphae. In all probability other more delicate organisms and finer hyphae have been disrupted by the drastic nature of the; clearing techniques. Some exwww.annualreviews.org/aronline Annual Reviews traneous infections have been reported as belonging to the VA endophytes, with the resultant confusion described by Harley (31). Obverse conclusions have also been drawn regarding the pathogenicity of some of the casual endophytes, more particularly various types of the so-called "gray sterile fungi" (99) .
Despite the difficulties presented by developmental studies and by mixed endophytes, it seems that the growth features of the perennial woody plant are better adapted than those of crop plants to developmental studies because of the greater probability of obtaining axial lengths of root with younger infection units. Initially the observations ought to be confined to controlled inoculations similar to those conducted by Abbott & Robson (1) .
Light microscope studies of VA mycorrhizae have also been supplemented by scanning and transmission electron microscopy and cytochemical methods (10) . Many of these studies have been directed to the interface between the host cell and the intracellular hyphae of the VA fungus, and to the differences between such interfaces and pathogenic fungus-root associations. Carling & Brown (10) have recently reviewed the progress, problems, and promises this area.
NONMUTUALISTIC FUNGAL SYMBIOSES AND ROOT DISEASE
This section presents an abbreviated account of the ways in which a "common life" of antagonistic fungal associants affects many of the same developmental and anatomical features of the woody root system as described above for uninfected and mycorrhizal plants. The outcome of antagonistic symbioses is disease (100), but other than placing diseases in generalized categories, the taxonomic and developmental features of individual diseases are not reviewed. The classification schemes for pathogenic root-infecting fungi most useful for comparisons to mycorrhizal fungi are the ecological characterizations of Garrett (27) or the pathogen-host dominance system of Kommedahl & Windels (38). The latter scheme arranges root-infecting fungi in a sequence from unspecialized pathogens that attack plants having little or no disease resistance, to pathogens having an increasing degree of specialization in which the pathogen is dominated more and more by the host and a near-mutualistic relationship is attained. Some of the difficulties in these classifications, as well as other classifications not mentioned here, are discussed in a recent review on the effects of root-infecting fungi on structure and function of cereal roots (34).
Pathogen-Dominant Diseases
Fungal parasites that vigorously macerate and kill plant tissues do not have an extended life inside the root. Consequently their effects on root morphology www.annualreviews.org/aronline Annual Reviews and anatomy are not a dominant concern in studies of the diseases that they cause. These are called unspecialized root parasites by Garrett (27) and transitory pathogen-dominant diseases by Kommedahl & Windels (38). Genera root-infecting fungi belonging in this category include Cylindrocladium, Phytophthora, Pythium, and Rhizoctonia. Although these macerative fungi act too rapidly for the host to respond morphogenetically at the tissue level, the effects of such fungi may still be seen in modifications of the root system of perennial woody plant~. Fungi of this group kill feeder roots, causing root systems to undergo progressive impoverishment with time. In a strongly heterorhizic root system, such as that of the pines, the loss of feeder roots may be reflected by a compensatory increase in large-diameter pioneer roots possessing reduced numbers of fine long roots and mycorrhizae. In Eucalyptus, which is less strongly heterorhizic, a similar reduction occurs in the perennial framework of the root system (74) . Feeder root diseases and mycorrhizae may exist together under natural conditions, with the balance affected by environmental conditions. It then becomes very difficult to recognize the effects of an endemic feeder root disease.
Host-Dominant Tissue-Nonspecific Diseases
Fungal parasites that reside upon or within the root for extended periods of time may ultimately kill the plant, but meanwhile their effects on root morphology and anatomy may be profound, depending upon their specialized developmental characteristics. They are called specialized ectotrophic root-infecting fungi by Garrett (27) and prolonged host-dominant,, tissue-nonspecific pathogens Kommedahl & Windels (38). The ectotrophic root-infecting or tissuenonspecific fungi grow on the root surface until they build up an inoculum potential, and then invade the root through either primary or secondary tissues. Both macerative and toxicogenic pathogens; occur in this group, with the former being more important in woody plants. The effects of these pathogens on the morphology of the feeder root systena resemble those of the abovedescribed pathogen-dominant diseases. Genera of fungi belonging to this group include Armillariella, Heterobasidion, Phaeolus, Phellinus, and Phymatotrichum.
Host-Dominant Tissue-Specific Diseases
The last group to be mentioned are the host-dominant, tissue-specific pathogens of Kommedahl & Windels (38). These primarily include the vascular pathogens and the cortex-specific parasi~tes. The vascular parasites may remain latent in the cortex for long periods before invading the stelar tissues. Their effect on gross root morphology seems', not to have been studied, but a wide range of morphological responses has been described in the epidermis, cortical layers, and endodermis. These include infection pegs or lignitubers, www.annualreviews.org/aronline Annual Reviews lignified wall thickenings, and suberin deposits (51, 78) . Genera of vascular parasites include Cephalosporium, Fusarium, Verticillium, and Verticicladiella. The cortex-specific parasites, which have been termed "quasi-symbiotic" by Kommedahl & Windels, are of particular interest in this paper because of their similarities to, or interaction with, mutualistic fungi. Besides those fungi that are pathogens, there are parasites that remain neutral until conditions favor pathogenicity, and still others that appear obligate, but whose effect is undetermined. Most of the known cortex-specific pathogens occur on nonwoody root systems, except for a few genera such as Fusarium, Rosellinia, Rhizophagus, Mycelium radicis atrovirens, and Phialocephala. Cortical cells of roots invaded by these fungi may show one or more of the following features: (a) intracellular infections, (b) accumulation of ergastic substances, (c) infection pegs and other structural modifications, (d) intercellular infections, including partially formed Hartig nets. The invasion of feeder roots may result in pseudomycorrhizae, as described above.
CONCLUDING REMARKS
For the most part, mycorrhizal associations do not invoke the defense reactions caused in the host by many pathogens. The occasional reports of rudimentary infection pegs, wall thickenings, and suberin depositions stimulated by mycorrhizal fungi should be further investigated. Also, the phenomenon of disruption and intense safranin staining of cortical cells caused by incompatibility of ectomycorrhizal fungi with various hosts should be investigated by ultrastructural and cytochemical techniques. The report by Bonfante-Fasolo et al (4) of ultrastructural differences of the intracellular host-fungus interface between VA and pathogenic infections suggests another avenue of research. The compilation of disease and mycorrhizal fungi reveals occasional fungi that appear in both categories. Acceptance of the notorious disease fungi Armillariella mellea (Vahl ex Fr.) Karst. and Rhizoctonia solani Kiihn as mycorrhizal in the orchids is widespread (31), but caution should be used extrapolating from a broad host-range species with so many racial ecotypes or an anamorph-genus that is a collection of species. The miscellaneous Deuteromycetes infecting short roots can no longer be dismissed as weak pathogens, but must be examined case by case for evidence of mutualism. VA mycorrhizae that promote host welfare under conditions of nutrient stress may be deleterious under conditions of nutrient sufficiency. Ectomycorrhizal fungi can also change from beneficial to harmful under some circumstances. The ubiquitous dark-septate fungi reported variously as innocuous parasites, minor pathogens, or cortical saprophytes may replace the VA mycorrhizae as important endomycorrhizal fungi under certain stressed ecological conditions (67) .
www.annualreviews.org/aronline Annual Reviews Many studies of the ecology of root mycofloras and investigations of fungal interactions have demonstrated that ectomycorrhizal fungi protect roots from infection by root pathogens (48, 102) and that VA mycorrhizal fungi may retard pathogen development at the site of mycorrhizal establishment (22) . Variations in mycorrhizal fungi, hosts, and pathogens under different environmental conditions suggest the need for further research on interactions between fungi.
This review has been presented to encourage an integration of mycorrhizal and pathological concepts and experimental approaches in the stiady of fungal parasitism of woody plant roots. Emphasis has been placed on three critical facets for a profitable study of fungal/root associations, be they mycorrhizal or pathological. Firstly, the fungus must be recognized as accurately as possible; secondly, the normal growth and developmental characteristics of the root system need to be scrutinized; and lastly, a developmental study must be made of interactions between the invading and colonizing fungus and the growing, functioning root. Although the ultimate interest may be in physiological relationships, the problems can be better visualized and the search for answers carried out more effectively once the developmental details are understood.
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